In several animal models of rheumatoid arthritis (RA), T cell responses to self 60-kD heat-shock protein 60 (hsp60) protect against the induction of arthritis. The nature of this suppressive T cell activity induced by self hsp60 is not clear. 
Introduction
In patients with rheumatoid arthritis (RA), 1 there is a predominance of activated mononuclear cells producing IL-1, TNF-␣ , and IL-6, cytokines, which are major contributors to inflammatory responses and joint destruction (1) (2) (3) (4) . Type 1 (T1) cell activity, which has been shown to predominate in the joints of patients with RA (5) (6) (7) (8) , is known to stimulate macrophages towards production of IL-1 and TNF-␣ (8). Regulatory type 2 (T2) cell cytokines, in particular IL-4 and IL-10, have been shown to suppress T1 responses, IL-1, and TNF-␣ production and cartilage degradation by RA inflammatory cells from synovial fluid and tissue (9) (10) (11) . The low level of T2 cell cytokine production in RA has suggested a lack of suppressive T cells in these patients (5) (6) (7) (8) 12) . Remission of T1 cell-induced arthritis in animals (13) is effectuated by IL-4-producing cells (13, 14) . Human remitting forms of arthritis have also been suggested to be suppressed by T2 cell activity (7) . Therefore, patients with RA may benefit from the activation of regulatory T cells that provide active cellular suppression through production of suppressive cytokines, such as IL-4 and IL-10. With respect to the induction of suppressive T cells, heat-shock proteins (hsps) may provide antigenic stimuli leading to the immunomodulation of (rheumatoid) arthritis.
Immunization of rats with whole heat-killed Mycobacterium tuberculosis , a T1 cell-promoting condition in humans and rodents (13, 15) , can lead to (adjuvant) arthritis in rats, which can be transferred by a T cell clone recognizing a 60-kD mycobacterial hsp (16) . However, preimmunization with the isolated mycobacterial hsp60 can protect against the induction of adjuvant arthritis as well as other forms of experimental arthritis (17) (18) (19) (20) (21) . Protection can also be transferred into naive animals by administration of suppressive hsp60-specific T cell lines, recognizing a specific epitope of self hsp60, strongly homologous to mycobacterial hsp60 (21) . Furthermore, administration of (human) hsp60, which has strong homology (95%) to rat hsp60, before or during induction of arthritis prevented the induction or enhanced remission of adjuvant arthritis (22) . In line with this are the observations on patients with juvenile chronic arthritis in which T cell reactivity to human (self) hsp60 preceded remission of the disease (23, 24) . The downregulation of experimental and human juvenile chronic arthritis is likely due to recognition of self hsp60 as (over) expressed in the arthritic (stressed) joints of these subjects (25-28). Expression of self hsp60 molecules may activate regulatory T cells, which can cause suppression of T cells that induce arthritis.
Expression of self hsp60 has also been demonstrated in the synovial tissue of patients with RA (27) (28) (29) , and reactivity towards both human (30) and mycobacterial hsp60 has been shown in these patients (31, 32) . Despite the demonstration of cellular and humoral reactivity against hsp60 molecules in RA, a role for these reactivities in terms of induction or suppression of arthritis remains to be elucidated.
We investigated whether lymphocytes from the synovial fluid of patients with RA, treated with human or mycobacterial hsp60, functionally differed in stimulation of IL-4-sensitive T cells. Furthermore, we analyzed the production of T1 (IFN-␥ ) and T2 (IL-4) cell cytokines by mycobacterial and human hsp60-activated T cells from the synovial fluid of these patients. In addition, we assessed the capacity of mycobacterial and human hsp60-specific T cell lines to suppress proinflammatory cytokine (TNF-␣ ) production of autologous peripheral blood mononuclear cells.
Methods
Patients. Mononuclear cells (MC) were isolated from synovial fluid (SF) of a total of 29 randomly selected patients with RA. RA was defined by the 1987 revised ACR criteria (33) . Patients (19 females and 10 males) ranged in age from 19 to 75 yr with a mean age of 52.3 Ϯ 2.8 yr. Mean disease duration was 10.4 Ϯ 1.7 yr with a range of 1-32 yr. 15 patients were rheumatoid factor positive and 14 were negative. 22 patients received nonsteroidal antiinflammatory drugs, 16 took slowacting antirheumatic drugs, 5 were on low-dose prednisone, and 3 did not receive medication.
Cell cultures and reagents. SF was diluted 1:1 with DMEM and 24 mM NaHCO 3 (074-01600; Gibco Laboratories, Grand Island, NY) containing glutamine (2 mM), penicillin (100 U/ml), and streptomycin sulfate (100 g/ml; DMEM ϩ ); and MC were isolated by density centrifugation using Ficoll-Paque (Pharmacia Diagnostics AB, Uppsala, Sweden). Viability of the cells, checked by trypan blue exclusion, was always Ͼ 95%. Subsequently, MC were cultured in DMEM ϩ supplemented with 10% human male AB serum (Red Cross Blood Transfusion Centre, Utrecht, The Netherlands).
To assess proliferative activity, SFMC were cultured in 96 For analysis of cytokine production (IFN-␥ and IL-4) by T cells activated with mycobacterial or human hsp60, SFMC were cultured in 24-well plates for 5 d in the presence of 3 g/ml mycobacterial or human hsp60. Spontaneous production of T cell cytokines by these T cells was found to be low or absent. Therefore, after antigen stimulation, T cell cytokine production was nonspecifically enhanced using mitogenic stimulation for an additional 2 d (anti-CD3/anti-CD28, dilution 1:1,000 vol/vol, CLB-T3/4.E, and CLB-CD28, respectively; CLB Reagentia, Amsterdam, The Netherlands; references 34, 35) . This stimulus activates T cells through the CD3 complex together with the major costimulatory CD28-mediated signal. Both molecules are expressed on virtually all T cells in RA synovial fluid. After this culture period, conditioned media were harvested and freed of cellular material by centrifugation (5 min, 9,000 g ), frozen in liquid nitrogen, and stored at Ϫ 80 Њ C. IFN-␥ and IL-4 were determined by ELISA according to the manufacturer's instructions (Medgenix, Flerus, Belgium). Detection limits were 50 pg/ml for IFN-␥ and 16 pg/ml for IL-4.
To test the inhibitory capacities of T cells generated in the presence of mycobacterial or human hsp60 (10 g/ml), these activated T cells were amplified by an additional culture of 9 d in the presence of antigen and IL-2 (10 U/ml). Subsequently, these T cell lines (TCL) were harvested and their antigen specificity and suppressive activity were assessed. For this reason, the TCL (2 и ). To test antigen specificity, the TCL were pulsed during the last 18 h of culture with 1 Ci [ 3 H]thymidine/ well and assessed as described above. TNF-␣ production, measured by ELISA (detection limit 50 pg/ml; Medgenix) was assessed to indicate inhibitory capacity of the TCL.
Statistical analysis. Statistical evaluation of differences in cytokine production and proliferation was performed by the Student's paired t test. Data were judged statistically significant when P Յ 0.05.
Results

IL-4 stimulates MC proliferation induced by human but not bacterial hsp60.
There was a significant correlation between stimulation indices obtained from proliferative responses of MC, induced by either human or mycobacterial hsp60 ( r ϭ 0.893, P Յ 0.001, data not shown). The type of lymphocyte proliferation appeared to be different (Fig. 1) . Lymphocyte proliferation in response was higher to mycobacterial than to human hsp60 (at 30 g/ml, 8.28 Ϯ 3.26 and 3.41 Ϯ 1.3, respectively). The addition of IL-4 (200 U/ml) to mycobacterial hsp60-activated SFMC did not alter the level of proliferation, whereas IL-4 significantly enhanced human hsp60-induced proliferation at all concentrations (all P Յ 0.05; up to 278% at 30 g/ml human hsp60). The proliferative response of SFMC treated with mycobacterial and human hsp60 (3 g/ml) in the presence of varying concentrations of IL-4 is shown in Fig. 2 . Lymphocyte proliferation of SFMC treated with mycobacterial hsp60 was significantly inhibited by adding 2 U/ml IL-4 ( P Յ 0.05), whereas it was not altered by 20 or 200 U/ml IL-4. In contrast, proliferation of SFMC treated with human hsp60 was stimulated significantly by 20 and 200 U/ml IL-4 (both P Յ 0.05).
T cells stimulated with mycobacterial and human hsp60 differ in cytokine production. Fig. 3 shows the IFN-␥ and IL-4 production of mycobacterial and human hsp60-stimulated T cells (SFMC). IFN-␥ production of T cells stimulated with mycobacterial hsp60 was significantly higher than that of T cells stimulated with human hsp60 (28%, P Յ 0.002). In contrast, IL-4 production of mycobacterial hsp60-stimulated T cells was significantly lower than that of T cells stimulated with human hsp60 (29%, P Յ 0.05). This difference in T cell cytokine production was also observed when ratios of IFN-␥ and IL-4 for mycobacterial and human hsp60-stimulated T cells of individual patients were compared (Fig. 3) . The IFN-␥ /IL-4 ratio induced by mycobacterial hsp60 was 56% higher than the ratio induced by human hsp60 ( P Յ 0.004). In 18 of 20 patients, the IFN-␥ /IL-4 ratio after stimulation with human hsp60 was reduced (up to 78%) compared with the IFN-␥ /IL-4 ratio of T cells stimulated with mycobacterial hsp60 (Fig. 4) .
T cell lines generated with human but not mycobacterial hsp60 suppress TNF-␣ production of PBMC. Fig. 5 shows that antigen-induced proliferation of the TCL generated in the presence of IL-2 after human or mycobacterial hsp60 stimulation. Proliferation of TCL specific for human hsp60 was 60% lower than that induced by mycobacterial hsp60. Human but not mycobacterial hsp60-specific TCL significantly ( P Յ 0.01) inhibited TNF-␣ production by PBMC. The increase in inhibition of TNF-␣ production correlated with a decrease in the proliferation of the TCL ( r ϭ Ϫ 0.71, P Յ 0.05).
Discussion
Despite their similarity with self antigens (36) , bacterial hsps are exceptionally immunogenic antigens (37, 38) . Experimental evidence has recently suggested that self hsp60-reactive T cells can exert antiinflammatory regulatory activities in human arthritides (21, 23, 24, 38 ). The strong reactivity towards self hsp60 of T cells obtained from children with remitting forms of juvenile chronic arthritis, which is most pronounced before phases of disease remission (23, 24) , has further contributed to the understanding of the protective role of self hsp60.
The present data obtained with RA synovial fluid-derived mononuclear cells demonstrate that human hsp60-stimulated T cells are sensitive to IL-4, in contrast to mycobacterial hsp60-stimulated T cells. The proliferative responses as observed can be interpreted in accordance with the notion that IL-4 is a growth factor for T cells responding in a T2-like mode and that IL-4 is a factor that inhibits T1 cell activity (8) . The persistence of proliferative responses towards mycobacterial hsp60 in the presence of higher concentrations of IL-4 may be based on the induction of mycobacterial hsp60-dependent T2 or T0 cell activity. Since IL-4 in the absence of antigen does not induce significant proliferation, it could be that mycobacterial hsp60-specific T1 cell activity is converted to T2 or T0 cell activity, a mechanism that has been demonstrated for other antigens (39) .
Recently, we have shown that the production of IFN-␥ upon stimulation with mycobacterial hsp60 always exceeds that of IFN-␥ induced with human hsp60 (1,393 Ϯ 359 and 222 Ϯ 90 pg/ml, respectively, P Ͻ 0.01). Restimulation of hsp60-stimu- (34, 35) . Using the same restimulation, IFN-␥ production in mycobacterial hsp60-activated T cells was found to be higher than IFN-␥ production induced by human hsp60, whereas mycobacterial hsp60-induced IL-4 production was lower than IL-4 production by human hsp60. The more pronounced IFN-␥ over IL-4 production induced by mycobacterial hsp60 compared with human hsp60 is also indicative of stimulation of aggressive T cells by mycobacterial hsp60 and stimulation of regulatory T cell activity by human hsp60.
The present data are in line with previous observations that demonstrate that T cell reactivity towards hsp60 molecules can both suppress and induce arthritis. In several human arthritides, including RA, cellular and humoral responses towards mycobacterial hsp60 have been demonstrated and have been suggested to be involved in the induction of these arthritides (31, 32, 40) . The exact mechanisms by which bacterial hsp60-specific T cells are activated in human but also experimental arthritis are unclear. However, these cells have been demonstrated to have an aggressive phenotype and to induce deleterious effects both in humans and animals (9, 36, 41, 42) . By contrast, reactivity of T cells recognizing self hsp60 is accompanied by remission of experimental forms of arthritis and juvenile chronic arthritis (21) (22) (23) (24) . The present data show that such T cells, in contrast with mycobacterial hsp60-activated T cells, are able to suppress TNF-␣ production by PBMC.
Despite the difference in reactivity induced by the two types of hsp60, there is a strong correlation between mycobacterial and human hsp60-induced proliferation (this study, reference 23). Both of these proliferative responses were HLA-DR restricted (as measured in three RA patients, data not shown). These data, similar to experimental arthritis, suggest that in RA, hsp60-reactive T cells exist that recognize both mycobacterial and human hsp60. Examination of the epitopes from mycobacterial hsp60, which are recognized during induction and suppression of experimental arthritis, has provided a basis to explain both the inductive and suppressive modalities originating from mycobacterial and human hsp60 (21, 38) . Based on these results and on the prominent correlation between mycobacterial and human hsp60-induced proliferation, it has been postulated that critical self epitopes form partial agonists of mycobacterial hsp60 epitopes. Reactive T cells may thereby be tuned to respond in a tolerizing or suppressive manner (21, 38) . It has been shown that T cells that recognize partial agonists can lead to the production of suppressive cytokines (IL-4, TGF-␤) with decreased levels of IL-2 and decreased proliferation (43, 44) . This corroborates the present data showing lower T cell proliferation towards self hsp60 than to mycobacterial hsp60. Similarly, we show that human hsp60-specific TCL proliferate less than mycobacterial-specific TCL and that increase in proliferation correlates with a decrease in the capacity to suppress proinflammatory cytokine production. With respect to this, T cell-stimulating cytokines such as IL-15 (45) , which can be present in the RA joint, may contribute to the regulation of the activity of hsp60-reactive T cells.
On the basis of the present data, we postulate that human hsp60 and not mycobacterial hsp60 is an antigen that drives responding T cells into a suppressive mode in patients with existing chronic RA. Thus, the human hsp60 molecule, as overexpressed in the arthritic synovium, can be a target of such cells, stimulating their disease-suppressive activity. It is possible that stimulation of suppressive T cell activity by administration of human hsp60 molecules or cross-reactive conserved bacterial hsp60 epitopes is a promising way to mitigate RA, even in the case of established disease. Figure 5 . Antigen-induced proliferation (left) of T cell lines (TCL) specific for mycobacterial hsp60 (My TCL) and human hsp60 (Hu TCL). Proliferation of My TCL and Hu TCL without antigen were 3,841 and 3,516 cpm, respectively. IFN-␥/IL-4 ratios of My and Hu TCL were 620Ϯ180 and 322Ϯ132, respectively. Inhibition of TNF-␣ production by PBMC induced by addition of My TCL or Hu TCL is also shown (right axis). TNF-␣ production by PBMC without TCL (516Ϯ277 pg/ml) was put at 100%. *P Յ 0.01.
